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INTRODUCTION
Utilization of plant P by pigs has been extensively studied and is well known to be poor. Raboy (1997) reported that about 65 to 85% of the total P of plant origin is bound to phytate. Oilseed meals such as canola meal (CM) and soybean meal (SBM) contain large amounts of phytate P (Ravindran et al., 1995a) , and pigs do not possess sufficient intestinal phytase to liberate this P from phytate (Cromwell, 1980; Jongbloed et al., 1991) . Until recently, apparent P digestibility estimates have been exclusively reported in the literature. However, these estimates do not account for the confounding effect of endogenous P losses (EPL). Fan et al. (2001) proposed the use of a regression method for simultaneous estimation of EPL and true P digestibility (TPD) in weanling pigs. Follow-up studies have been reported for growing pigs using SBM (Ajakaiye et al., 2003) , corn (Shen et al., 2002) , and low-phytate SBM (Dilger and Adeola, 2006) . There is, however, no report on the TPD in canola and SBM for growing pigs and the effect of microbial phytase on the TPD. Thus, the objectives of this study were to use the regression analysis technique to estimate TPD in growing pigs fed CM and SBM and to quantify the effect of exogenous microbial phytase supplementation on TPD.
MATERIALS AND METHODS
All animal protocols were approved by the Purdue University Animal Care and Use Committee.
Barrows were weighed individually, sorted in decreasing order of BW, and assigned to 6 dietary treatments such that the average initial BW of pigs was similar among treatments. The 6 dietary treatments (Table 1) consisted of 3 graded levels of CM (Exp. 1) or SBM (Exp. 2) at 132, 264, or 396 g/kg, and 2 levels of phytase (Phyzyme XP; Danisco Animal Nutrition, Marlborough, UK) at 0 or 1,000 units/kg arranged in 3 × 2 factorial. All phytase preparations were added as phytase premixes with a calculated activity of 100 units/g. The diets were semipurified, with CM (Exp. 1) or SBM (Exp. 2), cornstarch, dextrose, and sucrose as the main ingredients. All diets were formulated to be isocaloric by adjusting soybean oil levels accordingly.
Barrows were housed in stainless-steel metabolism crates (0.83 × 0.71 m) that allowed for separate but total collection of feces and urine using protocols described by Adeola et al. (2004) . The crates were located in environmentally controlled rooms where a temperature of 21 ± 2°C was maintained. Pigs had free access to water from low-pressure, automatic water nipples. Feed allowance was based on individual BW of the pigs, as determined at the beginning of each feeding period. One-half of the feed amount was fed twice daily (0600 and 1800 h). The metabolism study consisted of a 5-d adjustment period followed by a 5-d period of total but separate collection of feces and urine. During the 5-d period of adjustment to metabolism crates and diets, a daily feed intake equivalent to approximately 5% of initial BW was achieved and maintained throughout the collection period. Ferric oxide was used as an indigestible marker. Five grams of ferric oxide was added to 100 g of feed at the beginning of the 5-d feces and urine collection period began, followed by feeding the remainder of the feed allotment in the morning. Fecal collection began with the appearance of marked feces. Five grams of ferric oxide was also added to 100 g of feed at the end of feces and urine collection, followed by feeding the remainder of the allotment. Fecal collection stopped with the appearance of marked feces. Feces were collected twice daily, weighed, composited within each crate, and stored at −18°C until subsequent analysis.
TPD in Growing Pigs Fed CM (Exp. 1)
Forty-eight barrows with an initial average BW of 17 kg were randomly assigned to metabolism crates with an individual pig per crate resulting in 8 pigs per treatment. Canola meal served as the exclusive source of phytate P in the diets. The diets were calculated to supply 1.06, 2.11, and 3.17 g of phytate P/kg of diet in diets 1 through 3, respectively.
TPD in Growing Pigs Fed SBM (Exp. 2)
Thirty-six barrows with an initial average BW of 16.6 kg were randomly assigned to metabolism crates with an individual pig per crate resulting in 6 pigs per treatment. Soybean meal served as the exclusive source of phytate P in the diets and was calculated to supply 0.70, 1.40, and 2.10 g of phytate P/kg in diets 1 through 3, respectively.
Chemical Analyses
Fecal and urine samples were oven-dried at 55°C in a forced-draft oven. Ingredients and diets as well as dried feces were ground through a 0.75-mm sieve. Dry matter content of subsamples was determined by oven drying at 105°C for 24 h. The samples were analyzed for energy, N, Ca, and P. Nitrogen content was determined by the combustion method (model FP2000, Leco Corp., St. Joseph, MI) in accordance to the AOAC (2000), using EDTA as a standard. Gross energy was determined by adiabatic bomb calorimetry (model 1261, Parr Instrument Co., Moline, IL) using benzoic acid as a standard.
Following a wet-ash digestion (AOAC, 2000) with nitric and perchloric acids, P concentration was determined using a colorimetric assay. Fiske's SubbaRow reducer solution and Acid Molybdate were added to wetash samples to form a phospho-molybdenum complex. Color intensity, proportional to P concentration, was determined with a spectrophotometer using absorbance at 620 nm (AOAC, 2000; SpectraCount, model AS1000, Packard, Meriden, CT). Calcium concentration in wetashed samples was also determined using an atomic absorption spectrometer (AAnalyst 300, Perkin Elmer, Norwalk, CT). Diet samples were analyzed for phytase activity at Danisco Lab, Brabrand, Denmark, by the method of Engelen et al. (1994) . One unit of phytase activity is defined as the quantity of enzyme required to hydrolyze 1 µmol of inorganic P/min, at pH 5.5, from an excess of 1.5 mM sodium phytate at 37°C (International Union of Biochemistry, 1979) . Total phytic acid in the ingredient was determined by HPLC as described by Rounds and Nielsen, (1994) following postcolumn reaction with ferric sulfosalicylate and detection at 500 nm.
Calculations and Statistical Analyses
Total nutrient intake was adjusted for feed refusal (orts). Apparent total tract nutrient digestibility values were calculated using the equation APD, % = 100 × (P I -P O )/ P I , where APD is the apparent P digestibility expressed as a percentage; P I is the dietary P intake, and P O is the fecal P output. The difference between dietary P intake (P I ) and fecal P output is digested P (P D ). The dependent variable P D was regressed against the independent variable P I for diets without phytase and diets with phytase supplementation, using the following statistical model:
where TPD, the slope of the regression, represents estimate of TPD; and EPL, the negative intercept of the regression, represents the estimate of EPL.
Digestibility and retention data were subjected to the GLM procedures (SAS Inst. Inc., Cary, NC) appropriate for a randomized complete block design with a 3 × 2 factorial arrangement. The statistical model for this design is y ijk = µ + α i + β j + γ k + (αβ) ij + ε ijk , where µ is the overall mean, α i is the CM or SBM effect, β j is the phytase effect, γ k is the block effect, (αβ) ij is the interaction effect, and ε ijk is the error term. The df for this model includes 7 df for replicates (Exp. 1) or 5 df for the replicates (Exp. 2), and 5 df for the dietary treatment, which is composed of 1 df for phytase, 2 df for CM or SBM inclusion level, and 2 df for interaction of phytase × CM or SBM level. Means were compared by orthogonal polynomial contrasts. An α level of 0.05 was used for all statistical comparisons to represent significance level.
RESULTS
All barrows remained healthy and consumed all the daily feed allotted. The CM used in the current study contained more total P, Ca, and GE but less CP than the SBM used (Table 2 ). Replacing cornstarch with CM or SBM resulted in the expected increase in total P (Table 3 ). The activity of phytase in diets supplemented with phytase in Exp. 1 was analyzed and determined to be 863, 1,008, and 924 units/kg for diets 4, 5, and 6, respectively (Table 3 ). In Exp. 2, phytase activity in phytase-containing diets were analyzed and determined to be 1,079, 1,269, and 1,316 units/kg, respectively. Diets that were not supplemented with phytase had negligible phytase activity at less than 100 units/ kg (Table 3) .
Exp. 1-TPD in Growing Pigs Fed CM
Phosphorus intake, fecal P output, digested P, and apparent total-tract P digestibility of pigs fed CM without or with added phytase are presented in Table  4 . There were linear increases (P < 0.001) in P intake and digested P, and a linear increase (P < 0.001) in fecal P output with graded dietary CM level regardless of phytase supplementation. The addition of phytase affected these response criteria (P < 0. 001). With increasing dietary P intake, no linear or quadratic response was observed in the apparent total tract P digestibility in pigs fed CM without supplemental phytase and with supplemental phytase. However, phytase supplementation clearly resulted in an increase (P < 0.01) in apparent total tract digestibility. Apparent digestibility values ranged from 26 to 33% and 57 to 62% for CM without Microbial phytase and true phosphorus digestibility supplemental phytase and with supplemental phytase, respectively. In diets that were not supplemented with phytase, there was a quadratic increase (P < 0.05) in digested P with increasing dietary P intake ( Table 4) . The existence of a significant linear relationship between digested P and dietary P intake for both the phytase-supplemented and -unsupplemented CM diets allowed for the use of the regression analysis technique to estimate EPL and TPD. Table 5 presents the linear regression equation that describes the relationship between digestible P and dietary P intake of pigs fed CM without or with added phytase. Endogenous P loss estimates for CM without phytase and with phytase were 101 and 38 mg/kg of DM diet intake, respectively; these estimates were not different from zero. Estimated TPD for CM without phytase at 34.3% was significantly less (P < 0.05) than with phytase at 61.4%.
Exp. 2-TPD in Growing Pigs Fed SBM
Dietary P intake, fecal P output, digested P, and apparent total-tract P digestibility of pigs fed CM without or with phytase supplementation are presented in Table 4 . For diets that were not supplemented with phytase, there were linear and quadratic responses (P < 0.05) to increasing P from graded levels of SBM, but only a linear response (P < 0.001) in diets supplemented with phytase. Apparent total tract P digestibility ranged from 34.3 to 38.6% or from 68 to 71.2% for diets without or with supplemental phytase, respectively. This response was not linear. There was a difference between SBM without and with supplemental phytase, with phytase addition increasing (P < 0.05) apparent total tract digestibility ( Table 4) . The presence of a significant linear relationship between digested P and dietary P intake for the phytase-supplemented and -unsupplemented SBM diets allowed for the use of the regression analysis technique to estimate EPL and TPD. Endogenous P loss estimate for SBM without and with phytase were 48 and 8 mg/kg of DM diet intake, respectively, whereas estimated TPD was 40.9 and 70.8% for SBM without and with phytase, respectively. Furthermore, the observed difference in TPD estimates for SBM without phytase or with phytase was significant at P < 0.05.
DISCUSSION
Because the development of a database of TPD values for a wide range of feedstuff, concurrent with an up-to-date knowledge of the effect of microbial phytase on TPD, is beneficial in formulating diets that will minimize P excretion, the central objectives for this study were to estimate TPD and to quantify the effect of microbial phytase on these estimates. By regressing digestible P against dietary P intake, it was possible to estimate the EPL and TPD in CM and SBM with and without phytase supplementation. Theoretically, the regression analysis technique estimates basal or dietindependent P loss. This methodology was proposed and validated by Fan et al. (2001) as an alternative to the use of P-free diets, or the tracer dilution technique. Historically, the regression analysis technique has been used to estimate AA digestibility and endogenous AA losses (Chung and Baker, 1992; Fan et al., 1995; Fan and Sauer, 2002) . Although the regression analysis technique has been applied in P utilization studies, this approach is not without certain drawbacks and limitations. As reviewed by Moughan et al. (1998) , the result obtained by this technique is constrained by the mathematical model fitted, which is accepted a priori. Thus several conditions need to be maintained, and interpretation of results done with adequate understanding of the limitations of the regression analysis technique. One fundamental condition is the need to supply dietary P below the requirement of the animal. Furthermore, the choice of dietary P levels must be within the linear response range (Fan et al., 1995; Fan and Sauer, 2002; Dilger and Adeola, 2006) . In addition, an issue of concern highlighted by Dilger and Adeola (2006) is that there is high dependence on the least dietary level, which is the greatest indicator of regression curvature (Finney, 1978; Dilger and Adeola, 2006) . Total nutrient output was determined using the total collection method in the current study compared with the index method used by Fan et al. (2001) and Dilger and Adeola (2006) . Using SBM and CM as the test ingredients, graded levels of P intake were established with sequential diets. This was confirmed upon analysis of the diets. The 11.4 g/kg analyzed total P in CM used in the current study compare with 13.1, 9.3, and 7.5 g/ kg reported for CM by Rodehutscord et al. (1997) , Liu et al. (1998) , and Fan and Sauer (2002) , respectively. Phytase activity in the diets without supplemental phytase was analyzed and shown to be <100 units/kg, whereas the diets with supplemental phytase were confirmed to have an actual phytase activity that ranged from 863 to 1,316 units/kg. This range in phytase activity should have little effect on our overall result, given that a distinct improvement in P digestibility is already noticeable at a dose of 500 units/kg, and that further increase in phytase dosage (up to 1,000 units/ kg) increases P digestibility, but less distinctly (Weremko et al., 1997 ).
In the current study, strong linear relationships between digested P and dietary P intake were consistently observed, which is a requirement for the use of the regression technique. This result is in agreement with other studies using SBM as the test ingredient (Fan et al., 2001; Ajakaiye et al., 2003; Dilger and Adeola, 2006) . In Exp. 1, total P output accounted for 67 to 72% of dietary P intake for the CM diets that were not supplemented with phytase and 41 to 43% of dietary P intake when supplemented with phytase. In Exp. 2, total P output accounted for 61 to 66% of dietary P intake for the unsupplemented SBM diets, and 29 to 32% of dietary P intake when supplemental phytase was added. As expected, addition of phytase decreased P excretion. This result is in agreement with evidence abounding in the literature of the efficacy of microbial phytase in hydrolyzing phytate P, improving its utilization by swine and poultry and consequently leading to the reduction in P excretion (Simons et al., 1990; Jongbloed et al., 1992; Baxter et al., 2003) . The positive effect of phytase supplementation was demonstrated as observed in our TPD data. In the first experiment, TPD in pigs fed CM was improved from 34 to 61%, whereas in the second experiment, TPD in pigs fed SBM was improved from 41 to 71%. This confirms previous observation by Adeola et al. (2004) that phytase is active in the stepwise dephosphorylation of phytate in the gastrointestinal tract of pigs, as evidenced from the increased TPD in the phytase-supplemented diets.
In the current 2 studies, true digestibility of P in CM and SBM were 34 and 41%, respectively. Rodehutscord et al. (1997) and Sauer et al. (2003) reported less P digestibility in CM than SBM and in diets containing CM than those containing SBM. In the studies reported by Rodehutscord et al. (1997) , P digestibility Table 4 . Phosphorus intake, fecal P output, digested P, and apparent total-tract P digestibility of pigs fed canola (Exp. Phytase effect (P < 0.001).
Microbial phytase and true phosphorus digestibility in rapeseed meal was 24%, whereas that in SBM was 37%. The size of globoid phytin crystals and its storage site varies among seeds and because the structure, form, and site of phytin in grains and legume seeds may determine the extent of interactions with other nutrients, and thus could be important factors in digestive utilization of phytate by nonruminant animals , it is likely that these contribute to the P digestibility differences between CM and SBM. The estimated TPD for SBM (without supplemental phytase) in the current study is 41%. In recent studies, Fan et al. (2001) reported 48.5% TPD and Dilger and Adeola (2006) reported 44.5% for SBM. In studies conducted to determine the apparent digestibility of P in SBM, Rodehutscord et al. (1997) and Bohlke et al. (2005) reported values of 37 and 38%, respectively. The estimates of EPL observed for pigs in the 2 studies were not statistically different from zero. Endogenous P loss estimates range from 70 mg/kg of DMI (Dilger and Adeola, 2006; Pettey et al., 2006) to 670 mg/kg of DMI (Shen et al., 2002) . These studies utilized semi-purified diets (Dilger and Adeola, 2006; Pettey et al., 2006) and cornstarch-based diets (Shen et al., 2002) to estimate the P loss by pigs at zero P intakes. Petersen and Stein (2006) estimated EPL at 139 mg/kg of DMI for growing pigs. However, this value was derived from feeding a gelatin-based P-free basal diet. The EPL estimates in the current study and those cited above are low. However, the diets were deficient in P, thus these low EPL values may be due to suboptimal dietary P concentration. As suggested by Jongbloed et al. (1991) , when P intake is considerably less than P requirement, low endogenous P values would be expected. In summary, these results from the current studies demonstrate that true digestibility of P in canola and SBM for growing pigs was 34 and 41%, respectively. The addition of microbial phytase at 1,000 units/kg improved true digestibility of P in canola and SBM by 78 and 73%, respectively. 
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